We hypothesized that imbalance of proinflammatory cytokines and growth factors (GFs) in immature lungs of early postnatal life may be affected by protective ventilation strategy, and evaluated correlations of these aspects. Preterm neonate piglets were mechanically ventilated with low tidal volume and 5-6 or 10 -12 cm H 2 O positive end-expiratory pressure (PEEP) with or without surfactant and inhaled nitric oxide (iNO) for 6 h, followed by biochemical, biophysical, and histopathological assessment of lung injury severity. Compared with surfactant and the control, iNO combined with lower PEEP exerted better oxygenation, lower activity of myeloperoxidase, lower expression of mRNA of interleukin (IL)-1␤, IL-6, IL-8, and platelet derived growth factor-B (PDGF-B), but higher expression of insulin-like growth factor-I (IGF-I), whereas that of tumor necrosis factor-␣, keratinocyte GF, hepatocyte GF, vascular endothelial growth factor, and TGF-␤1 had no or modest changes. IL-1␤, IL-6 mRNA were closely correlated to PDGF-B mRNA and myeloperoxidase, but inversely to IGF-I mRNA, PaO 2 / FiO 2 and dynamic lung compliance at 6 h. These results indicate that the association of lower PEEP and iNO may be more protective than surfactant on preventing lung injury and facilitating reparation by affecting the expression of proinflammatory cytokines and GFs. 
I mmature lungs of neonates in early postnatal life are vulnerable to mechanical ventilation and oxygen therapy (1) . The adverse effects of these therapies involve inflammatory damage because of alveolar overstretching or hyperoxia, and are related to an imbalance between injury severity and reparation potential of the lung tissue (2) . Furthermore, inflammatory mediators may interfere with alveolarization in neonatal lung development (3) , and its pathologic consequence is bronchopulmonary dysplasia, or chronic lung disease of prematurity (4). Alteration of de novo synthesis of several growth factors (GFs) in the lungs is vital in injury-repair response and remodeling. Among them, platelet derived growth factor-B (PDGF-B), insulin-like growth factor-I (IGF-I), vascular endothelial growth factor (VEGF), TGF-␤1, keratinocyte (KGF), and hepatocyte growth factor (HGF) mediate tissue interactions and regulate a variety of cellular functions that are crucial for fetal lung development, especially in septation and alveolarization (5) . However, little is known about their postnatal response to clinical intervention with mechanical ventilation and oxygen therapy. 1 Applying adequate ventilation strategy should minimize ventilator-induced lung injury. Naik et al. (6) found the use of positive end-expiratory pressure (PEEP) at 4 cm H 2 O minimized alveolar protein leakage and neutrophil infiltration in surfactant-treated preterm lambs compared with that of PEEP at 7 cm H 2 O. However, there are few studies reporting effects of PEEP on expression of proinflammatory cytokines and GFs in the immature lungs and the mechanisms underlying their interactions. Furthermore, surfactant and inhaled nitric oxide (iNO) are two alternative therapies for neonates suffering from severe hypoxemic respiratory failure. Recently, experimental studies showed that NO may play roles in enhancement of pulmonary surfactant activity (7) , inhibition of neutrophil infiltration and retention (8) , inhibition of cytokine release (9) , modulation of lung growth (10) , and especially mitigation of lung injury associated with fibrin deposition in alveolar space (11) . Based on previous experimental studies, surfactant and iNO exerted better effects than either treatment alone in protection of mature pig lungs from acute injury (12) (13) . Our aim in the present study was to use a ventilated premature piglet model (14) and test a hypothesis that two levels of PEEP, in the presence of iNO and/or surfactant, should affect expression of proinflammatory cytokines and GFs differently, and delineate correlations of these factors in response to these therapies.
METHODS
Management and mechanical ventilation of animals. Animal study protocols were approved by the Scientific and Ethics Committees at Children's Hospital of Fudan University. Preterm piglets at gestational age (GA) of 97-100 d (term 114 d) were obtained by cesarean section (14) . A tracheotomy was performed with placement of an endotracheal tube. The piglets were then ventilated individually and simultaneously with Servo 300 or 900C (SiemensElema, Solna, Sweden). The ventilators were initially set at a frequency of 50 breaths/min, peak inspiratory pressure of 20 -30 cm H 2 O, PEEP of 5-6 cm H 2 O, inspiration time of 0.4 s, and fraction of inspired oxygen (FiO 2 ) of 0.8 -1.0. The ventilator settings were adjusted to provide a tidal volume of 6 -8 mL/kg and to target PaO 2 at 50 -80 mm Hg, and PaCO 2 at 30 -50 mm Hg whereas PEEP was kept constant.
Experimental design. After initial stabilization for 15 min of ventilation, those animals with PaO 2 /FiO 2 Յ250 mm Hg were enrolled and randomly assigned to groups as either low PEEP at 5-6 cm H 2 O (PEEP 5) or high PEEP at 10 -12 cm H 2 O (PEEP 10), and immediately allocated to different subgroups (n ϭ 6) receiving surfactant and/or iNO. The subgroups are defined in PEEP 5: C5, control; PS5, surfactant; NO5, iNO; SNO5, both surfactant and iNO; whereas those in PEEP 10: C10, control; PS10, surfactant; NO10, iNO; SNO10, both surfactant and iNO. A porcine lung surfactant (Curosurf) was used for the PS and SNO subgroups at 100 mg/kg body weight instilled in bolus into the lungs via the endotracheal tube. NO gas was continuously supplied to ventilator circuit at 10 parts per million in volume (ppm) during the whole ventilation (12) .
Blood gas analysis and measurement of lung mechanics. Before ventilation was initiated, blood samples were taken for baseline of arterial blood gas values (ABL-5, Radiometer, Copenhagen, Denmark). After stabilizing for 15 min, lung mechanics and blood gas values were recorded and this time was designated as treatment time 0 h. Dynamic compliance of respiratory system (Cdyn) and airway resistance (Raw) were measured with a pneumotachometer (Navigator, Newport Beach, CA). These parameters were measured at each hour up to 6 h or until animal death. (12) . Processing of lungs. At the end of the experiment, the piglets were killed with 10% potassium chloride i.v. After inspection of pneumothorax, the thorax was opened, and the lungs and heart were removed en bloc and lung tissue from the tip of right mid-lobe was used for determining wet-to-dry weight ratio (W/D) (12) . The rest of right mid-lobe was immediately frozen in liquid nitrogen for further measurement of malondialdehyde (MDA) content, myeloperoxidase (MPO) activity, NOS activity, and RNA isolation. Bronchoalveolar lavage of the right lung was performed with sterile saline at 4°C via intratracheal tube, and total cell counts of bronchoalveolar lavage fluid (BALF) were determined with a standard hemocytometer. The left lung was perfusion fixed for 30 min via pulmonary artery with 4% paraformaldehyde (13) (14) .
Biochemical and biophysical analysis of BALF contents. Total phospholipids (TPL) were isolated from chloroform-methanol (2:1) extracts of BALF, then disaturated phosphatidylcholine (DSPC) was recovered by neutral alumina column chromatography after exposure of lipid extract to osmium tetroxide, and phospholipids were quantified by phosphorus assay according to a routine procedure (12, 14) . Total proteins (TP) were measured by Lowry's method as described before (14) . The DSPC and TP ratio from BALF was for evaluation of alveolar surfactant pool vs. vascular-to-alveolar protein leakage. Minimum and maximum surface tension (␥ min and ␥ max ) of TPL from BALF were measured with a pulsating bubble surfactometer (Electronetics, Buffalo, NY) (13) (14) .
Measurement of MDA content, MPO and NOS activity in lung tissues. MDA content and MPO activity were assessed for lipid peroxidation and leukocyte infiltration in lung tissue, respectively, as previously described (12) . Protein content in samples was measure by Lowry's method as described above. NOS activity was determined through the conversion of L- Lung histopathology and morphometry. Sections of 5-m thickness, stained with hematoxylin and eosin, were examined under light microscopy for lung histopathologic changes (13) . Lung expansion was quantified with a point-counting method, and expressed as volume density (Vv) of aerated alveolar spaces, using total parenchyma as a reference volume. Fifty fields of each animal lung were examined at ϫ300 magnification and field-to-field variability was determined by calculating the coefficient of variation of Vv (CV [Vv]) (13) (14) .
Immunohistochemistry of GFs in lung tissues. After deparaffinization and rehydration, lung sections mounted on ␣-aminopropyltriethoxysilane-coated slides were incubated with rabbit polyclonal antibodies against IGF-I (1:200, PeproTech, Rocky Hill, NJ) and PDGF-B (1:100, Santa Cruz Biotechnologies, Santa Cruz, CA) or goat polyclonal antibody against KGF (1:100, Santa Cruz). Antigens were visualized using the DAKO EnVision Staining System (DAKO, Carpinteria, CA) for IGF-I and PDGF-B, or the ABC Staining System (Santa Cruz) for KGF according to the manufacturer's instructions. Negative controls were stained by substitution of the primary antibodies with nonimmune immunoglobulin. Positive staining was recognized under a microscope as brown color for diaminobenzidine.
Measurement of cytokine and GF mRNA in lung tissues by quantitative real-time PCR. Total RNA was extracted from lung tissue using TRIzole reagent and was reversely transcribed into cDNA. Gene sequence information of interleukin (IL)-1␤, 6, 8, tumor necrosis factor-␣ (TNF-␣), PDGF-B, IGF-I, KGF, HGF, VEGF, and TGF-␤1 was obtained using nucleotide databases (www.ncbi.nlm.nih.gov/Genbank/index.html), and primer sequences and optimal PCR conditions are listed in Table A (supplemental material online at www.pedresearch.org). Traditional PCR was performed to obtain standards for quantitatively assessing mRNA copy numbers. Real-time PCR was performed using an ABI PRISM 7000 system (Applied Biosystems, Foster City, CA). The amplification was carried out in a 25 L reaction volume containing 12.5 L SYBR Green I master mix (TOYOBO, Osaka, Japan). Copy numbers of the gene in samples were determined from the standard curve. Glyceraldehyde phosphate dehydrogenase was used as a housekeeping gene for the analysis of the genes of interest. The relative quantities of mRNA are presented as common logarithm of the copy numbers of targeted gene/copy numbers of glyceraldehyde phosphate dehydrogenase (ϫ10 5 ). Statistical analysis. All the continuous data are presented as means and SD. Data analysis of subgroups was performed separately in each of the clustered PEEP groups. Variables were subjected to ANOVA or KruskalWallis test for differences among the subgroups, followed by post hoc test of Bonferroni or Wilcoxon-Mann-Whitney test for between-group differences, and by repeated measures or Wilcoxon signed rank test for within-group differences (changes with time). The comparison for subgroups with the same treatment between the PEEP 5 and PEEP 10 was carried on by Student-NewmanKeuls test or Mann-Whitney test. Pearson correlation test was used for correlations between two parameters. A p value Ͻ0.05 was regarded as statistically significant.
RESULTS

General conditions of the animals.
There were no intergroup differences in age, body weight, sex, and baseline condition of blood gas values before the mechanical ventilation was initiated (Table 1) , but severe hypoxemia, hypercapnia, and acidosis were present. All the animals in the PEEP 5 subgroups survived 6 h of the ventilation period, whereas in C10 three died after 5 h, and in NO10, PS10, and SNO10, one each died after 5 h.
Oxygenation. There was a trend of lower FiO 2 requirement in the NO-treated subgroups (Table B , supplemental material online at www.pedresearch.org). When combining the values from NO10 and SNO10, it revealed significant difference compared with that from C10 and PS10 at 2-6 h (p Ͻ 0.05). Sustained and significant improvement in PaO 2 /FiO 2 was found in NO5 and SNO5, as corroborated by repeated measures as well, whereas only modest improvement in PS5 and no improvement in C5 after 6 h treatment were found (Fig. 1A) . In the subgroups of PEEP 10, there was sustained improvement in PaO 2 /FiO 2 in NO10 and SNO10 in contrast to deterioration in C10 and PS10 (Fig. 1B) . Furthermore, the improvement was more obvious in the PEEP 5 subgroups than in the PEEP 10 ( Fig.  1) . The differences were seen in PaO 2 /FiO 2 between C5 and C10, as well as in PS5 and PS10 at 4 and 5 h (p Ͻ 0.05). The changes of OI with time were similar to that of PaO 2 /FiO 2 in both PEEP 5 and PEEP 10 subgroups.
Lung mechanics. In both PEEP 5 and PEEP 10 subgroups, lower Cdyn was seen in PS5, SNO5, PS10 and SNO10 compared with C5 and C10 at 0 h of treatment (p Ͻ 0.01), but not between the PEEP 5 and PEEP 10 subgroups with the same treatment. During the treatment, it was significantly improved in both NO5 and SNO5 compared with C5, but not in any of the PEEP 10 subgroups ( Fig. 2A and B values at 115-124 M) were not significantly different between the NO-treated and control subgroups.
Total cell counts, TP and phospholipids assay in BALF. No significant differences were found in total cell counts and TP of BALF across the subgroups ( Table 2) . The values of TPL and DSPC on C5 and C10 were about 20 and 12 mg/kg, respectively, suggestive of immature lungs with lower alveolar surfactant pool. Significant increases in TPL, DSPC, and DSPC/TP were found in surfactant-treated subgroups compared with controls or NO-only subgroups (p Ͻ 0.05), but no difference in DSPC/TPL, ␥ min and ␥ max of TPL among all subgroups, nor between the PEEP 5 and PEEP 10 subgroups with the same treatment.
W/D, MDA content, MPO, and NOS activity in lung tissues. W/D in NO10 was significantly lower than that in NO5 (p Ͻ 0.05), but no significant differences in the other subgroups (Table 3) . MDA content and NOS activity showed no differences in either PEEP 5 or PEEP 10 subgroups, or between the PEEP 5 and PEEP 10 subgroups with the same treatment. MPO activities significantly decreased in NO5 and SNO5 compared with C5 (p Ͻ 0.01), and significant difference was seen between NO5 and NO10 (p Ͻ 0.05).
Lung histopathology and morphometry. Histopathologically, there was relatively less uniform aeration of alveoli with edema and neutrophil infiltration in both C5 and C10 (Fig. 3) and by Vv (Table 3) . Lung inflammation was markedly alleviated in NO5, NO10, and SNO5 but less prominent in PS5, PS10, and SNO10 (Fig. 3) . Compared with PEEP 5, lungs from the PEEP 10 were more aerated alternative to patchy overexpansion but no significant differences were found in Vv (Table 3) .
Localization of GFs by immunostaining. By immunohistochemistry, PDGF-B and IGF-I were expressed in mesenchyme and epithelia. The PEEP 5 showed mild immunostainning of PDGF-B compared with the corresponding ones in the PEEP 10, whereas it was more prominent in C5, PS5, C10, and PS10 than that in NO5, SNO5, NO10, and SNO10 (Fig. 4) . In contrast, there was an obvious trend of decreased IGF-I expression in C10 and PS10 compared with C5 and PS5, and the immunostaining in NO5, SNO5, NO10, and SNO10 was more intense than that seen in C5, PS5, C10, and PS10 (Fig. 5) . Immunostaining of KGF was located in mesenchyme and epithelial cells in airways and alveoli.
Expression of proinflammatory cytokine and GF mRNA in lung tissues. There was a trend of decreased IL-1␤ and IL-6 mRNA expression in NO5, NO10, SNO5, and SNO10 compared with C5, C10, PS5, and PS10 ( Fig. 6A and B) , and alleviated expression of IL-1␤ and IL-6 mRNA in the PEEP 5 subgroups than in the corresponding ones in PEEP 10. The expressions of IL-1␤ and IL-6 mRNA in both NO5 and SNO5 were lower than C5 or PS5 (p Ͻ 0.05), respectively. A significant decrease of IL-1␤ mRNA was seen in NO10 vs. C10 (p Ͻ 0.01), SNO10 vs. PS10 (p Ͻ 0.01) (Fig. 6A and B) . NO10 and SNO10 had lower IL-8 mRNA expression than C10 and PS10 (Fig. 6C) . No significant differences of expression of TNF-␣ mRNA were found among the PEEP 5 and PEEP 10 subgroups (Fig. 6D) , and of IL-8 and TNF-␣ mRNA between the PEEP 5 and PEEP 10 subgroups with the same treatment ( Fig. 6C and D) .
Again, there was decreased PDGF-B, in contrast to enhanced IGF-I, mRNA expression in NO5, NO10, SNO5, and SNO10 compared with C5, C10, PS5, and PS10 ( Fig.  7A and B) . Significant difference was seen in NO5 and SNO5 compared with C5 or PS5 (p Ͻ 0.01). The PEEP 10 subgroups had enhanced expression of PDGF-B than in the corresponding PEEP 5 ones (Fig. 7A) , especially between NO5 and NO10 (p Ͻ 0.01), SNO5 and SNO10 (p Ͻ 0.01) whereas the expression of IGF-I mRNA was opposite to that of the PDGF-B (p Ͻ 0.05, Fig. 7B ).
For the expression of KGF, HGF, VEGF, and TGF-␤1, no significant changes were found in both PEEP 5 and PEEP 10 subgroups (Fig. 7C-F) .
Correlation analysis of the parameters. Correlation analyses of proinflammatory cytokine, GFs, oxygenation and lung mechanics are shown in Table 4 . Expressions of IL-1␤, IL-6, mRNA were closely correlated to PDGF-B and MPO, but inversely to IGF-I, PaO 2 /FiO 2 and Cdyn at 6 h, and that of IL-8 to KGF and TGF-␤1. Expression of IGF-I mRNA was correlated to PaO 2 /FiO 2 , whereas PDGF-B was inversely correlated to PaO 2 / FiO 2 , and that of IGF-I and KGF to Cdyn. Expression of PDGF-B mRNA was inversely correlated to IGF-I, and that of VEGF was correlated to TGF-␤1. A close correlation between PaO 2 /FiO 2 and MPO was also found.
DISCUSSION
Inflammatory injury of premature lung is common for newborns subjected to hyperoxic condition and/or mechanical ventilation, and may be attenuated by protective ventilation strategy such as application of PEEP (1). In addition, pulmonary surfactant and iNO therapies are the important treatment of hypoxic respiratory failure in preterm lungs. However, much less information is available about expression of proinflammatory cytokines and GFs in relation to ventilated modalities, surfactant, and iNO.
Studies showed that iNO decreased early lung inflammation (8 -9), maintained surfactant activity (7) and improved lung structure in animal models of bronchopulmonary dysplasia (10,16 -17) . PDGF-B and IGF-I are the important GFs in lung development (18) . PDGF-B is a chemotactic factor for monocytes and granulocytes during inflammation and overexpression of PDGF-B induce inflammatory injury (19) , whereas IGF signaling pathway plays a critical role in proliferation and differentiation of alveolar epithelium during tissue remodeling and repair (20) . In this study results, iNO tended to be optimal in improvement of oxygenation, lower expression of IL-1␤, IL-6 and PDGF-B mRNA, and enhanced expression of IGF-I mRNA by 5-to 10-fold real difference in ventilated preterm piglet lungs at early postnatal life, which should have alleviated inflammatory injury and contributed to lung repair. The exact mechanism regulating GFs and cytokines, and their causal relationship needs to be further investigated. iNO transiently affects de novo synthesis of surfactant phospholipids in vivo with hyperoxic and endotoxic lung injury (21, 22) , but this effect was not found in this study.
In the present study, it also showed that, compared with 10 -12 cm H 2 O PEEP, 5-6 cm H 2 O PEEP was beneficial as the effects of iNO on oxygenation improvement, decreased proinflammatory cytokines and enhanced PDGF-B in contrast to suppressed IGF-I. Berg et al. (23) provided additional evidence that high lung inflation induced by high PEEP (9 cm H 2 O) affects expression of GFs mRNA, which is related to remodeling of extracellular matrix in lung parenchyma. These results implied that application of PEEP might affect injury-repair response and remodeling because of differential expressions of these GFs and cytokines. Michna et al. (24) found that, in surfactant-treated, ventilated preterm lambs, increasing PEEP (0, 4, 7 cm H 2 O) enhances alveolar pool size and large aggregate of surfactant phospholipids from BALF by 3-to 4-folds along with improved oxygenation and lung compliance. However, in this study, 10 -12 PEEP cm H 2 O did not increase endogenous surfactant pool size compared with 5-6 PEEP cm H 2 O.
In the present study, exogenous surfactant treatment did not improve oxygenation and affect the expression of proinflammatory cytokines and GFs. We speculated the preterm piglets might have intrapulmonary shunting because of pulmonary arterial hypertension and extrapulmonary shunting from PDA opening, thus the piglets lacked the response of oxygenation improvement to surfactant alone. A study performed on isolated and perfused rat lungs seemed to indicate that surfactant was able to induce increased synthesis and release of proinflammatory cytokines (25) . In contrast, human studies suggested that surfactant therapy reduced the proinflammatory mediators (26) . This differential response to surfactant therapy might be related to the species difference, lung maturation status, and the way of experiment.
The major features of expression of GF mRNA suggested that PDGF-B and IGF-I, though expressed in opposite ways, were two sensitive responders to the ventilator settings and added iNO in early postnatal life of the immature piglet lungs. Moreover, our results showed that there was correlation between mRNA expressions of proinflammatory cytokines and GFs. These findings suggested GFs might play pivotal roles in interaction with ventilator-induced cascade of major inflammatory cytokine expression. It was unclear whether these relationships were beneficial to alveolar epithelial cell repair and regeneration, or detrimental in subsequent alveolarization. However, our results supported that the adequate use of respiratory therapies should affect the expression in both GFs and cytokines in early postnatal life of the immature lung. Put together, interactions among PEEP, surfactant, and iNO in our settings explained potential as well as limitation of combined respiratory therapies in lung protective ventilation. As a limitation, these results might not be generalized to extremely low birth weight infants in humans.
In conclusion, we used a preterm piglet model and tested protective ventilation strategy on expressions of proinflammatory cytokines and GFs. Both PDGF-B and IGF-I had different expression patterns in the early stage of ventilator-associated lung inflammatory injury, and adequate PEEP with iNO may mitigate the lung inflammation, and should be given according to lung maturation. Further studies of temporal expression patterns of these cytokines and GFs are needed to elucidate the mechanisms and causal relationship from early to later postnatal life.
